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Introduction 17
Rhythmic motor behaviors in mammals, such as breathing, walking, and chewing, are controlled 18 by neural circuits that determine the period of the movement and shape the pattern of motor 19 activity. Despite the apparent simplicity of the computation, the mechanisms underlying 20 rhythmogenesis in these circuits are unknown. Generation of breathing rhythm is localized to a 21 compact nucleus in the ventrolateral medulla, the preBötzinger Complex (preBötC; Smith et al., 22 1991) . In particular, two overlapping subpopulations of glutamatergic preBötC neurons, those 23 expressing the neurokinin-1 receptor (NK1R) and those derived from progenitors that express 24 the transcription factor Dbx1 (Dbx1 + ), are necessary for inspiratory rhythmogenesis (Bouvier et 25 al., 2010; Gray et al., 2010; Gray et al., 2001) . 26
Until recently, rhythmic bursts of preBötC population activity were considered unitary events 27 that determined both the timing and pattern of periodic inspiratory movements. However, we 28 recently showed that these preBötC bursts consist of two separable components: i) large 29 amplitude inspiratory bursts that are transmitted via premotoneurons to inspiratory 30 motoneurons to activate muscles that produce inspiratory airflow; and ii) low amplitude 31 burstlets that appear as preinspiratory activity when preceding these bursts and are not 32 normally seen in motor nerve or muscle activity (Kam et al., 2013a) . Because preBötC rhythmic 33 activity can consist solely of burstlets that do not produce motoneuronal output, we 34 hypothesize that burstlets are rhythmogenic (Kam et al., 2013a) . A strong prediction of this 35 hypothesis is that manipulations that affect inspiratory burst frequency should have similar 36 effects on preBötC burstlet frequency. 37
To test this prediction, we examined the effects of opioids, analgesics that depress breathing at 38 high doses, on bursts and burstlets and tested opioidergic interactions with other 39 neurotransmitters and neuromodulators that affect preBötC neuronal excitability. We bath-40 applied [D-Ala 2 ,N-MePhe 4 ,Gly-ol 5 ]-enkephalin (DAMGO), a potent synthetic µ-opioid receptor 41 (µOR) agonist, in conditions of low excitability in vitro when burstlets appeared at times bursts 42 would have been expected or when preBötC rhythmic activity consisted solely of burstlets. We 43 measured the frequency of inspiratory-related preBötC population activity, i.e., the intervals 44 between successive bursts or burstlets, to assay opioidergic effects on rhythmogenesis and 45 calculated the fraction of rhythmic preBötC events that were burstlets to assay changes in the 46 pattern-generating threshold mechanism that converts burstlets into bursts. We conclude that 47 DAMGO depresses inspiratory frequency by acting on burstlet producing preBötC Dbx1 + 48 neurons. These data are consistent with our hypothesis of distinct rhythm and pattern 49 generating mechanisms within the preBötC, with rhythmogenesis being mediated by burstlets 50 and a separable burst-generating mechanism governing patterned preBötC output. Our results 51 also inform potential approaches for combating opioid-induced depression of breathing. 52
Results 53
DAMGO slows preBötC rhythmic activity without affecting burstlet fraction. 54
Systemic administration of opioids slows breathing in vivo and in vitro (Boom et al., 2012; Gray 55 et al., 1999) . We investigated how preBötC burstlets and bursts mediate these opioidergic 56 effects in neonatal mouse tissue slices that contain the preBötC and the hypoglossal motor 57 nucleus and nerve (XII) and generate a physiologically relevant motor output, i.e., inspiratory-58 related rhythmic activity. Under baseline conditions in artificial cerebrospinal fluid (ACSF) 59 containing 9 mM K + and 1.5 mM Ca 2+ ("9/1.5"), preBötC population activity and XII activity 60 consisted primarily of coincident, large amplitude rhythmic bursts ( Fig. 1A ; Smith et al., 1991) . 61
Subsaturating concentrations of DAMGO caused a dose-dependent decrease in the frequency 62 (f) of rhythmic preBötC and XII bursts ( Fig. 1A -C). 10 nM DAMGO significantly decreased 63 preBötC f from 0.22 ± 0.05 Hz to 0.13 ± 0.04 Hz (p=0.01, n=6; Fig. 1C ). 30 nM DAMGO 64 application further decreased preBötC f to 0.07 ± 0.04 Hz (p=0.0001, n=6; Fig. 1C ), and 100 nM 65 DAMGO led to complete cessation of XII activity and, in some cases, also blocked all preBötC 66 activity ( Fig. 1B) . 67
We previously showed that changes in XII f induced by decreases in extracellular K + could be 68 caused by a reversion of preBötC bursts to preBötC burstlets (Kam et al., 2013a) . This was not 69 the case for the effects of DAMGO on f, as the fraction of total preBötC events that were 70 burstlets (burstlet fraction), which was very low in control conditions (0.14 ± 0.14), was not 71 significantly different from that in the presence of 30 or 100 nM DAMGO (p=0.8, n=6; Fig. 1A , 72 C). Moreover, the amplitude of preBötC bursts (0.60 ± 0.10 a.u.) was not significantly different 73 between control conditions without DAMGO and when 10 nM (0.61 ± 0.13 a.u.) or 30 nM 74 DAMGO (0.56 ± 0.19 a.u.) was added to the bath (p=0.8, n=6). 75
To determine whether DAMGO could affect the conversion of burstlets into bursts when the 76 preBötC was operating in a different dynamic mode, we decreased ACSF K + and Ca 2+ 77 concentrations (Kam et al., 2013a) . In 3 mM K + and 1 mM Ca 2+ ("3/1"), preBötC activity was a 78 mixed pattern of burstlets and bursts ( Fig. 1D , upper traces). While the burstlet fraction under 79 these conditions (0.58 ± 0.26) was significantly higher than that in 9/1.5 ACSF (0.14 ± 0.14; 80 p=0.003, n= 6 for 9/1.5, n=7 for 3/1), preBötC f was similar (0.23 ± 0.10 Hz in 3/1 vs. 0.22 ± 0.05 81 Hz in 9/1.5; p=0.8, n= 6 for 9/1.5, n=7 for 3/1; Fig. 1C , F). XII f in 3/1 ACSF (0.08 ± 0.05 Hz), on 82 the other hand, was significantly lower than XII f in 9/1.5 ACSF (0.2 ± 0.06 Hz; p=0.002, n= 6 for 83 9/1.5, n=7 for 3/1; Fig. 1B , E), a consequence of the increased fraction of preBötC burstlets that 84
were not transmitted to XII output. 85
In 3/1 ACSF, DAMGO decreased preBötC f in a dose-dependent manner, similar to its effects in 86 9/1.5 ACSF. Addition of 30 nM DAMGO significantly reduced preBötC f from 0.22 ± 0.1 Hz to 87 0.04 ± 0.04 Hz (p=0.001, n=7; Fig. 1D -F). This reduction was not significantly different from the 88 effects of 30 nM DAMGO in 9/1.5 ACSF (p=0.2, n=6 for 9/1.5, n=7 for 3/1; Fig. 1C , F). Higher 89 concentrations of DAMGO (≥100 nM) frequently blocked all preBötC population activity. 90
Burstlet and burst amplitudes in 3/1 ACSF (burstlet: 0.38 ± 0.05 a.u.; burst: 0.73 ± 0.08 a.u.) did 91 not change significantly when 10 nM DAMGO (burstlet: 0.36 ± 0.04 a.u.; burst: 0.78 ± 0.10 a.u.) 92 or 30 nM DAMGO (burstlet: 0.34 ± 0.11 a.u.; burst: 0.65 ± 0.21 a.u.) was bath-applied (burstlet: 93 p=0.7, burst: p=0.3, n=7), and the burstlet fraction was again unaffected by DAMGO (p=1.0, 94 n=7; Fig. 1F ). 95
To determine whether opioids specifically affected rhythmogenic activity independent of burst 96 production, we isolated burstlets using low concentrations of Cd 2+ (6-25 µM; Kam et al., 2013a) , 97 which significantly increased the burstlet fraction from 0.42 ± 0.30 to 0.78 ± 0.20 (p=0.02, n=8) 98 without significantly changing preBötC f or amplitude (f: p=0.7, amplitude: p=0.06, n=8; Fig. 2A , 99 5 B). The decreases in excitability and synaptic efficacy caused by Cd 2+ (Kam et al., 2013a; Lu et 100 al., 2007) resulted in an increased sensitivity to DAMGO. Bath application of 1 nM DAMGO on 101 this burstlet only rhythm was sufficient to abolish preBötC rhythmic activity completely in 7 of 8 102 slices. Concentrations of DAMGO below that causing rhythmic cessation (0.01-10 nM) slowed 103 preBötC f significantly from 0.28 ± 0.09 Hz to 0.18 ± 0.07 Hz (p=0.001, n=8; Fig. 2A, B ). This 104 relative decrease in preBötC f (0.66 ± 0.16) was not significantly different from the effect of 10 105 nM DAMGO on preBötC f in 3/1 ACSF with no Cd 2+ (0.63 ± 0.16; p=0.8, n=5 for 3/1, n=8 for 106 Cd 2+ ). However, burstlet amplitudes in the presence of both Cd 2+ and DAMGO (0.29 ± 0.08) 107
were significantly reduced compared to Cd 2+ alone (0.35 ± 0.09; p=0.003, n=8; Fig. 2A, B) . 108
Depression of preBötC burstlet f by µOR activation points to DAMGO modulating preBötC 109 rhythmogenic mechanisms. We previously hypothesized that the emergent rhythmogenic 110 processes that produce burstlets manifested as the latency in ectopic burst initiation following 111 targeted excitation of 4-9 preBötC inspiratory neurons, whose molecular identity was 112 unspecified (Kam et al., 2013b) . Here, in slices from Dbx1 + reporter (Dbx1 cre ;Rosa26 tdTomato ) 113 mice, we targeted preBötC Dbx1 + neurons for holographic photostimulation to determine if 114 opioids also modulate this rhythmogenesis-related process ( Fig. 2C-F ). In control 9/1.5 ACSF, 115 ectopic bursts were reliably elicited when 5-10 Dbx1 + neurons were targeted (probability of 116 success: 0.86 ± 0.08, n=6; Fig. 2D ). When a set of neurons that reliably resulted in bursts in 117 response to photostimulation in control conditions were then excited in 30 nM DAMGO, the 118 probability of eliciting a burst was reduced to 0.48 ± 0.25 (n=4; Fig. 2D , E). In 100 nM DAMGO, 119 the success rate decreased significantly as stimulation of the threshold set that had previously 120 reliably triggered bursts was further compromised and, in some cases, failed to trigger a single 121 burst (p=0.006, n=6; Fig. 2D , E). In 200 nM DAMGO, stimulation was unsuccessful at eliciting 122 bursts (p=0.0003, n=6; Fig. 2E ). Importantly, the latency between laser stimulation and burst 123 initiation in the cases when bursts were triggered in DAMGO (157 ± 22 ms) was significantly 124 increased compared to that in baseline conditions (105 ± 24 ms; p=0.002, n=5; Fig. 2F ). S1). We therefore localized preBötC using tachykinin precursor peptide (TAC1) expression, 141 which colocalizes with NK1R, ventral to nucleus ambiguus (NA) as a marker for preBötC ( Fig. S1 ; 142
Hayes et al., 2017). To measure µOR and TAC1 expression, we performed fluorescence in situ 143 hybridization, which avoids the non-specific labeling that may occur with some µOR antibodies 144 depression. In contrast to SP, picrotoxin/strychnine (100 µM/1 µM) did not reduce the effects 173 on preBötC f of 30 nM DAMGO compared to control conditions in either 9/1.5 or 3/1 ACSF 174 (p=0.2, n=6 for 9/1.5, n=7 for 3/1, n=13 for picrotoxin/strychnine; Fig. 4B , C). Indeed, preBötC f 175 when SP was applied with 30 nM DAMGO was greater than that in 9/1.5 ACSF, with or without 176 picrotoxin/strychnine, or 3/1 ACSF in the presence of DAMGO (p=0.001, n=6 for 9/1.5, n=7 for 177 3/1, n=12 for picrotoxin/strychnine, n=6 for SP; Fig. 4C ). 178
Are the differential efficacies of SP and blockade of inhibitory transmission expressed in their 179
effects on baseline rhythmic activity? To determine how SP and blockade of inhibitory 180
transmission affect rhythm and pattern generation, we tested the effects of SP and 181 picrotoxin/strychnine on preBötC activity in 3/1 ACSF without DAMGO. Under these conditions, 182
bath-applied SP (500 nM) significantly reduced the burstlet fraction from 0.47 ± 0.3 to 183 0.10 ± 0.12 (p=0.01, n=6), but, surprisingly, did not affect preBötC f (p=0.4, n=6; Fig. 4D , E). In 184 slices from Dbx1 Cre ; Oprm1 fl/fl mice bathed in 9/1.5 ACSF, we confirmed that 500 nM SP 185 significantly increased preBötC f ( Fig. S2 ) and modulated preBötC f independent of µORs, which 186 were deleted in Dbx1 + neurons in these slices. In 3/1 ACSF, bath-applied picrotoxin/strychnine 187 (100 µM/1 µM) also significantly decreased burstlet fraction (p=0.0001, n=13) and did not alter 188 preBötC f significantly (p=0.9, n=13; Fig. 4F, G) . 189
Discussion 190
Inspiratory rhythm generation must be both robust, to operate almost continuously throughout 191 the lifetime of the animal, and labile, to adapt to changing metabolic and environmental 192 conditions and coordinate with other behaviors. How the preBötC generates rhythm to meet 193 these challenges has thus far defied a thorough understanding. We put forth a hypothesis that 194 respiratory rhythmogenesis is driven not by strong bursts, but by preBötC burstlets ( A strong prediction of this hypothesis is that manipulations that depress burst frequency should 200 also slow burstlet frequency. Indeed, we found that DAMGO specifically slowed preBötC f 201 without affecting burstlet fraction when the rhythm: i) was composed of mostly bursts; ii) was a 202 mixed pattern of bursts and burstlets; or iii) was mostly (or all) burstlets ( Consistent with our functional studies, we found abundant µOR expression in preBötC Dbx1 + 210 neurons that form the core circuitry for inspiratory rhythmogenesis (Wang et al., 2014) . We 211 also showed colocalization of µOR with NK1R in some preBötC neurons as well as with a 212 partially overlapping preBötC subpopulation expressing TAC1 that may be one endogenous and increase the number of inputs required to reach action potential threshold. These effects 228 reduce the moment-to-moment probability that a critical number of neurons will be 229 simultaneously active and prolong the time required for preBötC neurons to increase their 230 firing, achieve synchrony, and generate burstlets (S.A. and J.L.F., in preparation). 231
The pattern-generating mechanism that converts burstlets to bursts may, by analogy, require a 232 higher threshold of activity and synchrony be reached via independently regulated, distinct 233 mechanisms, such as the activation of persistent inward conductances (Picardo et al., 2019) . 234
Through this threshold mechanism, SP and blockade of inhibitory synaptic transmission 235 increase, whereas Cd 2+ decreases, the fraction of preBötC events that are burstlets, without 236 altering frequency of these events (Fig. 4H) . Interestingly, the depressant effects of DAMGO 237 were reduced by SP, but not inhibitory blockade. Inhibitory synaptic activity in preBötC is 238 dispensable for generation of breathing rhythm in vivo and in vitro (Janczewski et al., 2013; 239 Shao and Feldman, 1997) and has variable effects on excitability (Ren and Greer, 2006) , which 240 may account for the inability of picrotoxin and strychnine to mitigate DAMGO-induced 241 depression. Alternatively, inhibition may act elsewhere in the microcircuit or upstream of 242 opioidergic signaling pathways within Dbx1 + neurons. 243
While inhibitory blockade specifically affected pattern generation and was unable to rescue 244 DAMGO-mediated depression, NK1R activation seems capable of modulating both rhythm and 245 pattern in a state-dependent manner that can offset the effects of DAMGO (Fig. 4H) 2007; Kream et al., 1993) . SP may also act directly on µORs as a weak agonist since naloxone, 257 the µOR antagonist, blocks SP excitation in some neurons (Davies and Dray, 1977) . 258
Nonetheless, we predict that only neuropeptides and neuromodulators, whose receptors are 259 coexpressed with µORs in rhythmogenic preBötC neurons, like NK1Rs, are able to modulate 260 µOR signaling intracellularly to mitigate DAMGO-mediated depression. 261
The interaction between excitatory neuromodulatory systems with opiates in respiratory neural 262 circuits is relevant for addressing the depressive effects of opiates on breathing. Opioids are the 263 most commonly prescribed drugs for severe acute and chronic pain and play an important role 264 in palliative care. However, with a high potential for addiction, opiate overprescription and 265 abuse has created a pressing public health crisis that affects millions (CBHSQ, 2018). Morbidity S.H., and K.K. performed the research; X.S., C.T.P. and K.K. analyzed the data; X.S., C.T.P., J.L.F., 300 and K.K. wrote the paper. 301 302
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The authors declare no competing interests. 304 Arrow represents time of laser stimulation. In 9/1.5 ACSF, a failure was seen, but burst initiation 342 was otherwise reliably successful. Bursts were consistently triggered after a ~100 ms latency. In 343 30 nM DAMGO, failures were more frequent when the same stimulation parameters were 344 used, and the latency between laser stimulation and burst initiation was longer and more 345 variable. In 100 nM DAMGO, bursts were no longer triggered with the same stimulation DAMGO. For each experiment, values were normalized to preBötC f during baseline 9/1.5 or 403 3/1 ACSF in that experiment. When picrotoxin/strychnine were added with DAMGO, the 404
Figure legends
relative change in f did not differ from the normalized f when DAMGO was applied alone in 405 either 9/1.5 ACSF or 3/1 ACSF. The normalized f when SP was added with DAMGO was 406 significantly higher than all other conditions. *, p < 0.05, One-way ANOVA, post-hoc Tukey test, 407 n=6 for 9/1.5, n=7 for 3/1, n=12 for picrotoxin/strychnine, n=6 for SP. 408 (D) Representative traces of ∫preBötC and ∫XII population activity in 3/1 ACSF control (ctrl) and 409 500 nM SP. In 3/1 ACSF, rhythmic activity consisted of both burstlets and bursts. After SP, f was 410 unchanged, but more preBötC bursts were observed. Scale bar, 10 s. In situ hybridization 460
As described above, mice were anesthetized at P0-4 by inhalation of isoflurane. The isolated 461 brainstem was rapidly frozen in dry ice and stored at -80°C until sectioning. Transverse sections 462 (14-20 µm) were cut on a cryostat (CryoStar NX70, Thermo Scientific) and mounted on 463 
Slice preparation and electrophysiology 483
Neonatal C57BL/6 or mutant mice (P0-5) of either sex were used for cutting brainstem 484 medullary transverse slices (550-600 µm thick) containing the rhythm-generating preBötC, XII 485 inspiratory motoneurons, and premotoneurons linking these populations (Koizumi et al., 2008; 486 Smith et al., 1991) . To obtain slices with the preBötC at the surface, the rostral cut was made 487 above the first set of XII nerve rootlets at the level of the dorsomedial cell column and principal 488 lateral loop of the inferior olive, and the caudal cut captured the obex (Ruangkittisakul et al., 489 2011) . Slice cutting artificial cerebrospinal fluid (ACSF) solution was composed of (in mM): 124 490 NaCl, 3 KCl, 1.5 CaCl2, 1 MgSO4, 25 NaHCO3, 0.5 NaH2PO4, and 30 D-glucose, equilibrated with 491 95% O2 and 5% CO2, 27°C, pH 7.4. Slices were placed rostral side up in a chamber and perfused 492 at 2-3 ml/min with 28-30°C recording ACSF. Baseline recording ACSF consisted of either the 493 cutting ACSF solution with K + raised to 9 mM and Ca 2+ maintained at 1.5 mM (9/1.5 ACSF) for a 494 robust burst rhythm or the cutting ACSF solution with K + maintained at 3 mM and Ca 2+ lowered 495 to 1 mM (3/1 ACSF) to study burstlets and bursts together (Kam et al., 2013a) . Drugs, including 496 DAMGO, SP, picrotoxin, strychnine, and CdCl, were obtained from Sigma-Aldrich and bath-497 applied at the specified concentrations. In all experiments, slices were allowed to equilibrate 498 for 30 min to ensure that the frequency and magnitude of XII and preBötC population activities 499 reached steady-state. Respiratory activity reflecting suprathreshold action potential firing from 500 populations of neurons was recorded from XII motor nucleus or nerve roots and as population 501 activity directly from the preBötC using suction electrodes (tip size ~50 µm) and an Axiopatch 502
200A (Molecular Devices), Multiclamp 700B (Molecular Devices), and/or a differential AC 503 amplifier (AM systems), filtered at 2-4 kHz, integrated, and digitized at 10 kHz. Integration was 504 performed on custom built Paynter filter with a 20-100 ms time constant. Digitized data were 505 analyzed off-line using custom procedures written for IgorPro (Wavemetrics). 506
Holographic photostimulation 507
Holographic photostimulation was performed on a Phasor SLM system (Intelligent Imaging 508
Innovations, Inc.) mounted around an epifluorescence upright microscope (Axioscope; Zeiss). 509
We used a 405 nm diode laser (CUBE 405-100; Coherent) to uncage MNI-glutamate (0.5 mM) 510 and depolarize targeted neurons. An iterative Fourier transform algorithm, implemented in 511 threshold stimulus was determined as the minimum number of neurons and minimum laser 520 power required to entrain preBötC bursts at slightly faster than the endogenous frequency with 521 a success rate > 80%. The latency between laser stimulation and burst initiation was calculated 522 as the time between the start of the next preBötC burst and the beginning of laser stimulation. 523 preBötC activity was used here, rather than XII activity, to isolate the effects of DAMGO on 524 rhythmogenic mechanisms and avoid additional delays or failures due to depression of XII 525 premotoneurons and motoneurons. Successful triggering of a burst by photostimulation was 526 defined as burst detection within 0.5 s of laser stimulation. 527
Data analysis and statistics 528
Semiautomated event detection of respiratory-related activity recorded in XII output or 529 preBötC population recordings was performed using custom procedures written in IgorPro. 530
Multiple criteria, including slope and amplitude thresholds, were used to select events 531 automatically, which were then confirmed visually. Event duration, amplitude, shape, and 532 synchrony between XII and preBötC activity were criteria used to categorize detected events as 533 burstlets, bursts, and doublets. Burstlets were events in preBötC that did not temporally 534 overlap a XII burst. Doublets were distinguished from bursts by their longer duration and the 535 presence of multiple peaks of activity. Two closely spaced bursts were considered a doublet 536 based on the distribution of the period of XII output. A small peak at <2 s in the distribution of 537 periods of XII bursts was usually observed. A Gaussian was fit to this small peak and a threshold 538 time interval was set. Two bursts separated by less than this threshold were considered a 539 doublet. As doublets were in phase with bursts and burstlets, these events were grouped with 540 bursts and not separately analyzed. 541 Rhythmogenic processes were captured by measuring the frequency of preBötC rhythmic 542 activity, which included small amplitude burstlets that were not transmitted to XII motor 543 output, larger amplitude bursts that produced XII bursts, and longer duration doublets that 544
were also transmitted to XII motoneurons. The average frequency was calculated as the mean 545 of the instantaneous frequencies (1/interevent interval) across all preBötC activity (burstlets, 546 bursts, and doublets) in that condition. Pattern generating processes that included the 547 production and transmission of preBötC activity to XII output were characterized by measuring 548 the fraction of preBötC events that were burstlets. The burstlet fraction was calculated as the 549 ratio of the number of burstlets to the total number of rhythmic preBötC events (burstlets, 550 bursts, and doublets). Amplitudes were normalized to the amplitude of the largest burst in the 551 control condition. 
